Abstract We utilized the dietary inflammatory index (DII) to investigate associations between patterns of change in, and history of the inflammatory potential of diet and risk of breast cancer in the Women's Health Initiative (WHI). We included 70,998 postmenopausal women aged 50-79 years recruited from 1993 to 1998 into the WHI Observational Study and Dietary Modification trial control group and followed through August 29, 2014. We utilized data from food frequency questionnaires administered at baseline and Year 3, to calculate average DII scores, patterns of change in DII, and used these measures in multivariable-adjusted Cox regression models to estimate hazards ratios (HR) and 95 % confidence intervals (CI) for incident invasive breast cancer and its subtypes. After 1,093,947 person-years of follow-up, 3471 cases of invasive breast cancer were identified. There was no substantial association between average DII scores or patterns of change in DII and risk of overall invasive breast cancer (HR, 1.03; 95 % CI, 0.90, 1.17; P-trend = 0.79; comparing extreme average DII quintiles). However, there was a significant nonlinear association between average DII scores and the ER-, PR-, HER2?, subtype (HR, 2.37; 95 % CI, 1.08, 5.20; Ptrend = 0.18; comparing extreme quintiles). For patterns of change in DII, the age-adjusted association with ER-, PR-, HER2? subtype comparing women in the proinflammatory stable to those in the anti-inflammatory stable categories (HR, 1.82; 95 % CI, 1.06, 3.13) persisted in the multivariable-adjusted model but was less precise (HR, 1.85; 95 % CI, 0.96, 3.55; P = 0.06). Dietary inflammatory potential may differentially influence the development of specific breast cancer phenotypes.
Abstract We utilized the dietary inflammatory index (DII) to investigate associations between patterns of change in, and history of the inflammatory potential of diet and risk of breast cancer in the Women's Health Initiative (WHI). We included 70,998 postmenopausal women aged 50-79 years recruited from 1993 to 1998 into the WHI Observational Study and Dietary Modification trial control group and followed through August 29, 2014 . We utilized data from food frequency questionnaires administered at baseline and Year 3, to calculate average DII scores, patterns of change in DII, and used these measures in multivariable-adjusted Cox regression models to estimate hazards ratios (HR) and 95 % confidence intervals (CI) for incident invasive breast cancer and its subtypes. After 1,093,947 person-years of follow-up, 3471 cases of invasive breast cancer were identified. There was no substantial association between average DII scores or patterns of change in DII and risk of overall invasive breast cancer (HR, 1.03; 95 % CI, 0.90, 1.17; P-trend = 0.79; comparing extreme average DII quintiles). However, there was a significant nonlinear association between average DII scores and the ER-, PR-, HER2?, subtype (HR, 2.37; 95 % CI, 1.08, 5.20; Ptrend = 0.18; comparing extreme quintiles). For patterns of change in DII, the age-adjusted association with ER-, PR-, HER2? subtype comparing women in the proinflammatory stable to those in the anti-inflammatory stable categories (HR, 1.82; 95 % CI, 1.06, 3.13) persisted in the multivariable-adjusted model but was less precise (HR, 1.85; 95 % CI, 0.96, 3.55; P = 0.06). Dietary inflammatory potential may differentially influence the development of specific breast cancer phenotypes.
Keywords Breast cancer Á Dietary patterns Á Inflammation Á Diet Á Epidemiology
Electronic supplementary material The online version of this article (doi:10.1007/s10549-016-3925-6) contains supplementary material, which is available to authorized users.
& Susan E. Steck ssteck@sc.edu
Introduction
Breast cancer is the most commonly diagnosed cancer in American women [1] , and most of the established risk factors, including reproductive factors, family history of breast cancer, age, BRCA1 and BRCA2 mutations, and breast density [2] are generally nonmodifiable. Diet, a potentially modifiable factor, has been implicated in breast carcinogenesis, with specific factors such as alcohol [3, 4] and red/processed meat [5] shown to be associated with higher risk. The fact that people eat meals consisting of a wide variety of individual foods with potentially complex interactions among the foods and nutrients has led to a growing interest in the examination of broader dietary patterns in relation to breast cancer risk. Results of previous prospective cohort studies examining the association between dietary patterns and breast cancer risk are inconsistent. Some have found a higher risk of breast cancer with the Western (or unhealthy) diet pattern [6] or a lower risk with the prudent (or healthy) pattern [7, 8] , while others have failed to observe a significant association (reviewed in [9] , [10] ). Indeed, some studies have found results contrary to hypothesized associations; that is, higher consumption of the prudent pattern associated with higher risk [11] and higher consumption of the Western pattern associated with lower risk [12] . In addition, findings from three large cohort studies have not supported an association between Western or prudent patterns and breast cancer risk [13, 14] .
Breast cancer is a heterogeneous disease with multiple intrinsic tumor subtypes [15] . It is, therefore, important to consider etiologic differences across subtypes. Previous large prospective studies did not find associations between several a priori dietary patterns and overall invasive breast cancer risk; however, these studies found significant associations with some tumor subtypes [16, 17] , thus suggesting potential heterogeneity by subtype. For example, inverse associations have been found between higher scores on the alternative healthy eating index and alternative Mediterranean dietary pattern and estrogen receptornegative breast cancer subtype [16] . Also, inverse associations have been found between higher Dietary Approaches to Stop Hypertension scores and HER2-negative subtype [17] .
Chronic inflammation is important in the carcinogenesis process [18] [19] [20] and has been shown to influence breast cancer development [21, 22] . Therefore, dietary patterns associated with chronic inflammation, as measured by the level of several inflammation markers, may influence breast cancer risk. In addition, intake of unhealthy foods may influence chronic disease risk, including breast cancer risk, when consumed over long periods of time [23] .
Therefore, changes in diet or a history of dietary intake over time may be more predictive of breast cancer risk compared with diet assessed at one time point. Two previous studies [24, 25] that calculated the dietary inflammatory index (DII) [26] at only one time point found conflicting results for the association of DII scores with breast cancer risk. The DII is a literature-derived dietary index that assesses diet quality based on its inflammatory potential from maximally anti-inflammatory to maximally proinflammatory. In the current study, we utilized the DII to investigate the role of patterns of change as well as history of dietary intake over time in the inflammatory potential of diet on the risk of overall invasive breast cancer and subtypes of breast cancer in postmenopausal women.
Methods

Study population
The design of the WHI has been described [27] . Briefly, between 1993 and 1998, the WHI enrolled 161,808 women with a predicted survival of [3 years, in 40 sites across the United States, into an observational study (OS) (93,676 women) or one or more of three clinical trials (CT) (68,132 women). One of the CTs was the dietary modification trial (DM) with 48,885 participants. Women were excluded from the DM if their baseline diets were assessed to have \32 % energy intake from fat [28] . For the DM, women were randomly assigned to a usual-diet comparison group (n = 29,294) or an intervention group (n = 19,541) with a 20 % low-fat dietary pattern with increased vegetables, fruits, and whole grains. Women who proved to be ineligible for, or who were unwilling to enroll in, the CT components were invited to be part of the prospective cohort of women in the OS. Follow-up for the WHI is ongoing and we used data from women with follow-up until August 29, 2014 for this investigation [27] . The WHI protocol was approved by the institutional review boards at the Clinical Coordinating Center (CCC) at the Fred Hutchinson Cancer Research Center (Seattle, WA) and at each of the 40 clinical centers.
Dietary assessment
At baseline, all WHI participants completed a standardized self-administered 122-item food frequency questionnaire (FFQ) developed for the WHI to estimate average daily nutrient intake over the previous three-month period. Follow-up measures included: an FFQ completed by all DM participants at Year 1; an FFQ completed annually from year 2 until study end (approximately ten years) in a random third of DM participants; and an FFQ completed at Year 3 for &90 % of OS participants. There was an average of two FFQs per participant in the OS and three FFQs per participant in the DM. Therefore, to maximize the number of DM participants with a FFQ at one time point (other than year 1), we created a composite FFQ for year 3 that included an average of FFQs in years 2, 3, and 4. The composite FFQ was the average number of FFQs administered to participants in years 2, 3, and 4. We did not use FFQs beyond year 4, because the sample sizes of DM participants with FFQs became progressively smaller. Second, we did not include baseline FFQ data for DM participants in the analyses due to the upward bias in baseline mean percent energy from fat as a result of the [32 % energy from fat eligibility criterion [29] [30] [31] [32] . For the current study, we included FFQs from the OS and DM control group but not from the DM intervention group because the intervention group participants were actively undergoing dietary changes while the control group participants were asked to follow their usual diets [28, 31, 33] .
FFQ data were considered complete if all adjustment questions (used to capture more complete dietary behavior than food items alone), all summary questions (used to adjust for potential misreporting of individual foods), 90 % of the foods, and at least one-half of every food group section were completed [27] . The nutrient database, linked to the University of Minnesota Nutrition Data System for Research (NDSR Ò ) [34] , is based on the US Department of Agriculture Standard Reference Releases and manufacturer information. The WHI FFQ has produced results comparable to those obtained from four 24-h dietary recall interviews and four days of food diaries recorded within the WHI [28] .
Dietary inflammatory index (DII)
Details of the development [26] and construct validation [35, 36] of the DII have been described. Briefly, an extensive literature search was performed to obtain peerreviewed journal articles that examined the association between six inflammatory markers (Interleukin (IL)-1b, IL-4, IL-6, IL-10, tumor necrosis factor alpha, and C-reactive protein) and specific dietary factors. A total of 1943 eligible articles published through 2010 were indexed and scored to derive inflammatory effect scores for 45 specific nutrients and foods (components of the DII) that were identified in the search. Actual dietary intake data derived from the WHI FFQ were standardized to a representative global diet database constructed based on 11 datasets from diverse populations in different parts of the world. Global mean intake data were used, as opposed to intake data from only one country or geographic region, in order to be able to apply the DII to studies in various countries and regions of the world. The standardized dietary intake data were then multiplied by the literature-derived inflammatory effect scores for each DII component and summed across all components, to obtain the overall DII [26] . Higher DII scores indicate a more proinflammatory diet, and lower (i.e., more negative) scores indicate a more anti-inflammatory diet. In the WHI FFQ, 32 of the 45 original DII components were available for inclusion in the overall DII score. A list of all 45 DII components including the 32 components available in the WHI FFQ is included as a footnote to Table 1 .
Outcome assessment
Outcomes included invasive breast cancer and subtypes of invasive breast cancer. As previously described [37] , women's self-report of breast cancer was adjudicated by physicians through a review of medical records and pathology reports at each clinical center, with final central adjudication by WHI cancer coders at the CCC. Breast cancer subtypes for the current analysis were defined based on estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) status [38] and combined as triple-negative (ER-, PR-, and HER2-); ER-, PR-, HER2? subtype, luminal A (ER? and/or PR?, HER2-); and luminal B (ER? and/or PR?, HER2?) subtypes [39] . The histological subtypes were defined based on Surveillance Epidemiology and End Results (SEER) program morphology codes. These included invasive ductal carcinoma (8500/3) and invasive lobular carcinoma (8520/2). In situ breast cancer cases were not included. Time to invasive breast cancer was defined as days from enrollment or randomization until invasive breast cancer diagnosis, while censoring time was defined as days from enrollment or randomization until death or last contact occurring on or before August 29, 2014 , in participants without breast cancer.
Statistical analysis
We utilized data from 122,970 women participating in the WHI OS (n = 93,676) and DM control group (n = 29,294). Exclusion criteria included women with a history of breast cancer at baseline or missing breast cancer status at baseline (n = 5074), those who reported breast removal at baseline (n = 272), women reporting any cancer at or prior to baseline, except for nonmelanoma skin cancer (n = 6313), any cancer (including breast cancer) diagnosed within three years from baseline during the follow-up period (n = 3609), breast cancer diagnosed as second primaries during follow-up (n = 213), women with reported total energy intake values judged to be a Dietary inflammatory index components available in the WHI FFQ were alcohol, beta-carotene, caffeine, carbohydrates, cholesterol, total energy, total fat, saturated fat, fiber, folic acid, iron, magnesium, niacin, riboflavin, thiamine, zinc, monounsaturated fatty acid(fa) polyunsaturated fatty acid, omega 3 fatty acid, omega 6 fatty acid, trans fat, protein, selenium, vitamins B12, B6, A, C, D, E, onion, green/black tea, and isoflavones, while the following components were not available in the WHI FFQ: ginger, turmeric, garlic, oregano, rosemary, pepper, eugenol, saffron, flavan-3-ol, flavones, flavonols, flavonones, and anthocyanidins b Baseline to year 3 for Observational Study participants and year 1 to composite year 3 for Dietary Modification trial control group participants c n (%), except where noted implausible (B600 or C5000 kcal/day) (n = 4584), or extreme BMI values (\15 or [50 kg/m 2 ) (n = 564), as well as participants with single FFQs (n = 20,901). Additionally, we excluded participants with missing data in the covariates included in the multivariable-adjusted models (n = 10,442), leaving a total of 70,998 participants for the final analyses (80.2 % in the OS and 19.8 % in the DM control group). Frequencies and percentages were computed to describe the distribution of covariates across quintiles of average DII.
To determine the role of history of the inflammatory potential of diet on breast cancer risk, we calculated the average DII between baseline and Year 3 for the OS and between Year 1 and composite Year 3 for the DM control group [40] . The average DII scores were then categorized into quintiles and used in multivariable-adjusted Cox regression models to estimate hazard ratios (HR) for the incidence of invasive breast cancer and its molecular and histological subtypes. To determine the role of patterns of change in the inflammatory potential of diet over time in breast cancer risk, we calculated DII scores and categorized them into quintiles (Q) at both time points. We then further categorized the changes in the inflammatory potential of diet based on quintile differences between the first and second time points, as follows:
(1) Anti-inflammatory stable: Q1 or Q2 at both time points or change from Q3 to Q2. The names of these patterns of change in DII were meant to be qualitative. Next, Cox regression models were used to estimate HRs and 95 % confidence interval (95 % CI) for the incidence of invasive breast cancer including the molecular and histological subtypes, by patterns of change in DII, adjusting for multiple covariates. The antiinflammatory stable category, considered to be the healthiest category, was the reference for all models.
Potential confounding variables were selected based on findings previously reported in the literature or based on a change in the unadjusted HRs by[10 % when added to the model. All multivariable-adjusted models included the following covariates as potential confounders: age (years, continuous), race/ethnicity (European American, African American, Hispanic, Asian or Pacific Islander, and Other); educational level (less than high school, some high school/ GED, and at least some college/graduate education), smoking status (current, past, and never), body mass index (BMI) categories [BMI = weight (kg)/height (m) 2 ]
(normal or underweight (15 to \25 kg/m 2 ), overweight (25 to \30 kg/m 2 ), and obese (C30 kg/m 2 ); physical activity (PA), categorized based on public health recommendations [41] , as meeting or not meeting PA recommendations (C150 min/week of moderate intensity PA or C75 min/ week of vigorous intensity PA and \150 min/week of moderate intensity PA or \75 min/week of vigorous intensity PA, respectively); regular (at least twice a week for the previous 2 weeks) [42] use of nonsteroidal antiinflammatory drug (NSAID) (yes/no); duration of estrogen and progesterone use categorized into five groups (none, \5 years, 5 to\10 years, 10 to\15 years, and C15 years), family history of breast cancer (yes/no), mammography use within 2 years of baseline (yes/no), age at menarche (\10, 11-15, C16 years), number of live births (none, 1-3, C4), oophorectomy status (no ovaries removed, one or both ovaries removed), Hormone Therapy trial arm (estrogenalone intervention, estrogen-alone control, estrogen and progesterone intervention, estrogen and progesterone control, not randomized to this trial), Calcium and Vitamin D trial arm (intervention, control, not randomized to this trial), and total energy intake (kcal/day). Data on potential confounding variables were collected by self-administered questionnaires, which ascertained demographics, medical history, and lifestyle factors [27] .
Each covariate in the final models of both the average DII score and patterns of change in DII scores was tested for adherence to proportional hazards using cumulative sums of Martingale-based residuals [43] , and none was found to be in violation. To determine whether the association between both the average DII score and patterns of change in DII scores and breast cancer incidence differed by race/ethnicity, education, smoking status, BMI, physical activity and NSAIDs use, we included interaction terms between each of these covariates and average DII score and assessed significant effect modification at P \ 0.10. None of the interaction terms was significant. Tests of linear trend between breast cancer incidence and increments of average DII score adjusted for multiple covariates were computed by assigning the median value of each quintile to each participant in the quintile, and this variable was entered into models as ordinal values. We evaluated 95 % CIs to determine statistical significance. Statistical analyses were conducted using SAS version 9.3 (SAS Institute, Cary, NC), and all tests were two-sided.
Results
The average DII score was 1.04 (standard deviation (SD): 1.85), ranging from a minimum of -5.79 to a maximum of ?5.17. Table 1 shows the distribution of participants' characteristics across quintiles of the average DII scores. Participants with higher average DII scores (representing a more proinflammatory diet) consisted of a higher proportion of women who were African American or Hispanic, overweight or obese, current smokers, not meeting physical activity guidelines, reported not having a mammogram within 2 years of baseline, and with lower educational attainment. In contrast, participants with a more anti-inflammatory diet consisted of a higher proportion of women who were European American or Asian/Pacific Islander, had a BMI in the range 15 to \25 kg/m 2 , were highly educated, and adhered to PA guidelines.
Participants were followed for a median of 16.05 years, accumulating a total of 1,093,947 person-years, during which 3471 cases of invasive breast cancer were identified. Table 2 presents HRs of the association between the average DII score and risk of invasive breast cancer and subtypes. Overall, there was no significant association between average DII score and risk of invasive breast cancer (HR Q5 vs Q1 , 1.03; 95 % CI, 0.90, 1.17; Ptrend = 0.79) in the multivariable-adjusted model. In the analyses by cancer phenotype, we found a significant nonlinear association between average DII and risk of ER-, PR-, HER2? subtype. Comparing extreme quintiles of average DII, women with a history of highly proinflammatory diets had a 137 % higher risk of developing this subtype of breast cancer (HR, 2.37; 95 % CI, 1.08, 5.20; P-trend = 0.18, n = 99 cases) compared with women with anti-inflammatory diets. Women presenting with the triple-negative phenotype also showed higher risk from consuming proinflammatory diets but this was not statistically significant (HR, 1.40; 95 % CI, 0.90, 2.19; Ptrend = 0.31, n = 282 cases).
In the first 3 years of follow-up, 26.6 % of participants were classified as having an anti-inflammatory stable dietary pattern, 11.4 % had anti-inflammatory dietary changes, 24.4 % were in the neutral inflammation stable category, 10.4 % experienced proinflammatory changes, while 27.2 % were in the proinflammatory stable category. Table 3 shows HRs for the association between patterns of change in DII scores and risk of invasive breast cancer for all participants and separately by breast cancer subtypes. Overall, no substantial association was found between patterns of change in DII scores over time and total invasive breast cancer (HR proinflammatory change vs anti-inflammatory stable, 1.06; 95 % CI, 0.95, 1.18). However, participants in the proinflammatory stable category were at higher risk of ER-, PR-, HER2? subtype of breast cancer, compared to participants in the anti-inflammatory stable category in the age-adjusted model (HR, 1.82; 95 % CI, 1.06, 3.13), and after adjusting for multiple potential confounding variables, the association persisted but was less precise (HR, 1.85; 95 % CI, 0.96, 3.55; P = 0.06).
Discussion
In this large prospective study of the role of changes over time in, and history of the inflammatory potential of diet in breast cancer risk, we observed no substantial association between either (1) the history of dietary inflammatory potential, or (2) change in dietary inflammatory potential over time, and risk of overall invasive breast cancer. However, a history of proinflammatory diets and maintaining a highly proinflammatory diet over time was associated with a nonlinearly higher risk of developing the ER-, PR-, HER2? subtype of breast cancer in postmenopausal women. To the best of our knowledge, this is the first study to characterize the association between a history of, or changes over time in the inflammatory potential of diet, and risk of breast cancer.
Our results are generally similar to many previous prospective studies that have not observed significant associations between dietary patterns and overall invasive breast cancer risk [13, 14, 44] , though these other studies assessed diet quality at only one point in time. Other previous studies have described heterogeneity of the association between dietary patterns and breast cancer by hormone receptor status [44] [45] [46] . Cottet et al., found evidence of a higher risk of ER?/PR? tumors with a Western dietary pattern and lower (i.e., inverse) risk of ER?/PR-tumors with a Mediterranean pattern in a French Cohort study [45] . In addition, the WHI DM trial investigated the effects of a low-fat dietary pattern on breast cancer risk by tumor characteristics including hormone receptor status and found evidence for a reduction in the occurrence of tumors that were ER? and PR-(P for difference = 0.04). HER2 status was not available for breast cancers diagnosed early in that trial and was therefore not investigated [10] . Studies focusing on specific food groups such as fruits and vegetables have also reported differential findings by tumor subtype. For example, Fung et al., found that higher consumption of fruits and vegetables was significantly associated with an inverse risk of ER-breast cancer in the Nurses' Health Study [44] , while Gaudet et al., found an inverse association between high fruit and vegetable intake and breast cancer risk among postmenopausal women with ER? tumors [46] . In a pooled analysis which included data from 20 prospective cohort studies, Jung et al. observed no association between total fruit and vegetable intake and risk of overall breast cancer. However, vegetable consumption was inversely associated with risk of ERtumors [47] .
Overall, findings from these previous studies provide support for a potential differential role of diet on breast cancer risk by cancer phenotype, even though there is yet no consistency between specific breast cancer phenotypes [48] . It is not clear why a diet with higher inflammatory potential would be associated with a higher risk of the ER-, PR-, HER2? subtype of breast cancer, but some studies suggest that HER2? breast tumors are associated with an increased amount of COX-2 protein which is involved in many inflammatory pathways [49] . COX-2 inhibitors also have been shown to suppress mammary tumor development in mice induced with HER2? tumors [50] . There was no linear trend in the average DII, and risk was also higher in quintile 2, though not statistically significant, which suggests that the association is probably nonlinear. Two previous studies have calculated the DII at one time point and examined its association with breast cancer risk, with conflicting results. Findings from a case-control study in postmenopausal German women are similar to the current study in finding no association between DII scores and overall invasive breast cancer [25] . In a Swedish prospective study that included both pre-and postmenopausal women, there was a 22 % higher risk of developing total breast cancer in postmenopausal women (HR, 1.22; 95 % CI, 1.02, 1.46; P-trend = 0.03), comparing extreme quartiles [24] . However, this study included both in situ and invasive breast cancer cases. Also, the dietary inflammatory potential of the Swedish study population was higher than in the current study; mean DII 2.67 versus 1.04.
Strengths of the current study include accounting for changes in the inflammatory potential of diet over time in a large, well-characterized population of almost 71,000 women, a long follow-up period, the inclusion of women of diverse race/ethnic groups, and the central adjudication of breast cancer diagnosis that included different subtypes. Our two main exposures, the average DII scores and change in the DII scores over time, were defined using two different approaches. The similarity in the results from these two exposures suggests that our findings are less likely to be accounted for by chance. There also is the problem of potential residual or unmeasured confounding, but we adjusted for many potential confounding variables. Measurement error is a limitation in most diet studies. We used an FFQ designed for use in this study population and averaged the DII at two different time points which could reduce within-person variability in diet. It is also important to note that components missing from the FFQ, including ginger, turmeric, garlic, oregano, pepper, rosemary, eugenol, saffron, flavan-3-ol, flavones, flavonols, flavonones, and anthocyanidins, are anti-inflammatory. Even though we showed previously that reasonable predictive ability was retained when replacing 24-h recall-derived DII scores with those from a structured questionnaire [35, 36] , there still may be lower predictive ability in this study population.
In conclusion, a history of proinflammatory diets or sustained intake of highly proinflammatory diets may be nonlinearly associated with higher risk of developing the ER-, PR-, HER2? subtype of breast cancer. Our findings imply that dietary inflammatory potential may influence breast cancer risk differently by cancer phenotype and support the idea that breast cancer may not be one disease entity but a heterogeneity of diseases with potentially different risk factors. Studies with higher number of cancer cases for each phenotype are warranted to confirm the association between diet quality and different phenotypes of breast cancer.
